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FOREWORD 


This document describes the work performed by tlic Commer- 
cial Products Division, Pratt & Whitney Aircraft Group of 
United Technologies Corporation under the Turbulence Mea- 
surement Addendum to Pliasc III of the Experimental Clean 
Combustor Program. This final report was prepared in accor- 
dance with Modification No. I to National Aeronautics and 
Space Administration^ Lewis Research Center Contract 
NAS3-19447. This report has been assigned Commcrciai Pro- 
ducts Division, Pratt & Whitney Aircraft Group internal report 
number PWA-5540. 

Appreciation is expressed for the contributions made by Mr. 
Howard P. Grant of the Dynamic Measurements Develop- 
ment and Support Group at Pratt & Whitney Aircraft. 
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SUMMARY 


% 


The results of turbulence measurements at the entrance tu the dilTuser duct ut'a J'I'M) gas 
turbine engine aa* im’sented in this report. A series of hot film and hut wire measun;ments 
were made with state-ur-thc-art probes over the range of engine uitcrating conditions per- 
mitted by the probe endurance. Hie measurements were made in the experimental J I ^M)- 2 U 
engine X(» 8 b used for the Phase III I xperimental ('lean Combustor Program. Three engine 
tests were conducted from Idle (T 4 * 4.S0K i to rich approach ( 0 O 8 K ). Several features of the 
turbulence in the diffuser duct were documented; 


’.. The turbuler.t intensity at the I.I). (25 percent span) and midspan locations increases 
grauually from 6 1 1 percent a' idle to 7 1 1 percent at approach; the turbulent intensity 
at the 0.1). (75 percent sp:«n) lociuion increases from 7.5 tO.5 percent at idle to 15 
±0.5 percent at approa.h. 

2. The energy in the vdocily waves is unifomily distributed over a 0.1 to 5 kll/ bandwidth. 
The axial length of the fourie" component within tins bandwidth varies from 0.021 tu 

1 .05 m. 

3. The cut-off frequency of the turbulence ( 3 db) is approximately 3 kll/ and is not a 
function of the engine operation. Above the cut-off frc(|uency, the fourier conq'unents 
of the wave decrease at a rate proportional to f 1 Njin-iy percent of the energy 
of the waves is contained within a 0. 1 to 5 kll/ bandwidth. 

4. Detennination of the origin of the high levd of tuibulence at the diflusc*r O.I). requires 
further information on the development of the turbulence along the diffuser. 

5. The turbulence at the diffuser O.I). is of sufficient amplitude and scale to affect the How 
to the front end sections of the burner. 


INrKODliri ION 


I1ic tihjcclivc* of this adilcndiim to the Ptusc III I- xportmcnlal Clean (*ombuslur ProKram was 
to conduct a series of incasitreincnls in order to dovumeiil the UirhiilenwC characteristics of 
the compressor ditcitariie t1o\vs wiiliin a I I 'tD eniiin Miis report dewnhes the prograin con* 
ducted and the results. The luriniicnl intensity and scale are of inlenrsl to adsanced lean 
huminit pre\apori/ed-preini\ed conihuslor desiitns hi'cause of their potential effect on the 
fuel presapori/ation and preinixmi! near the entrance of a combustor and attendant changes 
in emissions performance. 

This repoii is organi/ed in four cha|>ters. A summary ol the program plan and schedule is pre- 
ss'iited m Chapter I. Chapie*’ li contains a description of the experimental J P)|) engine and 
turbulence measure.nent probes used foi the program work and a desenplion of the lest and 
analysis priKcdurcs. I he turbulence program ix'sulls are discussed in Chapter III and the 
concluding remaiks are presented m ChaiMer IV. 


( II \PTI.K I 


PK(N.K AM Dl S( KiniUN 
A. PHASI III KC P PR(XiRAM 

The lurtnilciK'C jiiilcndum was conducted cunciirrcMilly with tl.. Ijllcr ol the 

I xpcnincnlal Clean Conihutlur Pro|train (I C'CPi PIum’ III. which it dr wnhed in a wparate 
report | Relerence 1 1. 

I he I ( CP Phate III pntttram, consisted ol a detailed evaluation «>! i low pollution coinhuMor. 
I'uel ty tieni. and fuel control concept in a J l dt) engine I he gene'al objective w it to demon- 
ttrate vignil'icant pollution reductiont with an advanced combustor which meets the perfor- 
mance. operation, and installation requirements of the engine. Hie lest program included 
steady-state and transient pollution and performance evaluations. IVtails of the work are 
contained m Reference I. I'he turbulence measurements were nude during the acceleration./ 
deceleration lest portion of the KT P program. 


B. TURBUUNCt Ml ASURPMFNT PRO(,RAM 

Tile turbulence measurement program was conducted during the second half of l^7b. A 
series of hot film and hot wire measurements were made with state-of-the-art probc-s over the 
range of engine operating conditions peniiitted by the enaurance of the sensing probes. 

11ie progr.uii was accomplished in four tasks: Task I. Instrumentation, included the procure- 
ment. fabiication. and calibration of the required hot wire/hot film type probes: Task II, 
Testing and Data .\ci|iiisition. with the engine operating in a steadi-state iiKHle and at power 
levels ranging from sub-idle to the maximum consistent with the probe design; Task III. Data 
.Analysis; and Task IV'. Reporting. 
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i ii \m K II 

igtll'MFNT AND I XPI KIMI NI AL PR(X fcDURI S 
A TI SI I NGINI ANDIOMUL'STUR 

I \|K*rinK'nldl J I‘M>-20 cnnino \-<>8o uwd as Ihc lest vehicle lor llie Phase III I xperi- 
menial Heaii Comhuslor Program aiul the liirhulence measurement adJeiulnm program. A 
ilelaileii description of the engine is available in relerence I : a cross sectional schematic of a . 
J r‘>l)-7A reference engine is shown in I ignre I. 

A llighl-lype nacelle normally was not employed for either experimental or pniduclion J I 'M) 
engine testing. A cylindrical core engine exhaust nozzle was used in place of the plug-ly|H' 
Highl design; a pair of bifurcated fan ducts was usi‘d in place of the .innular fan duct. The fan 
and core no,'/le ureas were sized to provule aerodynamic characteristics ei|uivalenl to i'" Highl 
nacelles. Hie bifurcated fan ducts facilitate installation of s|H'cial mstnimeiuation and test 
hardware, and are readil> removed for access to the core engine. I he instrumented engine 
shown with the bifurcated fan ducts installed and re,idy lor lest is shown m I igiire 2 . 

The engine was run in the P-<« test stand m an ambient inlet indoor test cell located at the 
Pratt & Whitney Aircraft lacility in Middletown. Conneciicul. Hie cell contains the instru- 
mentation and data processing equ’pment rvi|inred lor the automatic lemperalure recording 
sy stem and low-emission combusic/r development i>rograms. The facility ise«|uipped with a 
monorail engine handling system to facilitate movemenl of the engine into and out of the 
test cell. A schematic view ol the test cell layout is shown in I igure .f. All engine controls, 
data logging, and computer face etiuipment are located m the test cell contiol ro.im. 

Cross section drawings ol the Phase III Vorbix (vortex burring and mixing) com.i.istor is 
shown in I igure 4. Hie Vorbix concept incorporates two burning zones separated axially by 
a high velocity throat section. The pilot zone is a conventional swiil-slabilizcd, dia'cl-iniec- 
lion combustor employ ing thirty luel inieclors. It is sized to provide the re(|uired heal a*- 
lease rate lor idle operation at high efficieiicy. I missions of carbon monoxide and unbunied 
liydrocartHuv.. are minimized at idle o|h ration conditions primarily by maintaining a suffi- 
ciently high pilot zone eiiiiivalence ratio to allow complete burning of the fuel. 

.\l high power conditions, the pilot exhaust eipiivalence ratio was reduced as low as 0.3 (in- 
(hiding pi.'ot dilution air) to minimize foiniation ol oxides of nitrogt-n. Hie minimum eipii- 
valence ratio for the pilot z.v'ne was detennined by the overall lean blowout limits, combustion 
elTiciency, and the need to maintain sufficient pilot zone temperature to vaporize and ignite 
the main zone fuel. Main zone fuel was introduced through fuel injectors located at the outer 
wall of the liner downstream of the pilot zone discharge loc ition. Sixty fuel injectoo were 
used. Main zone combustion and dilution air was intriKliiced through sixty swirlers positioned 
on each side of the combustor A more extensive description of the c(|uipmcnt. hardware 
and test procedures is found in the companion I CCP f inal Report | Reference 1 1. 
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PILOT ZONE 




Wliiltf the two^tage Vurbix burner is a Mgniricanlly different concept than the current pro* 
duct'on combustor, since compa*ssoi and burner pressure loss aa* the same as the bill-ot- 
material, the measured turbulence levels in the diffuser should be representative of those in 
most JT‘M)-7 engines. 

B. PROBt I)ESC RimON AND LOC ATION 

Turbulence measurements wea* conducted at six circumfea*ntial and tha'e spanwise positions 
near the entrance to the diffuser. The locations of the probes aa* shown in l igure 5. At each 
circumfeamtial position, the probes wea* located at 25, 50 or 75 percent .pan locations. 

Tha'c types of wire and wedge probes were used during the tests. A summary of the probe 
locations and types in the three engine tests which were conducted to measure the turbulence 
irt the diffuser is presented in Table I. 

The primars devices uss-d in the tests wea* wedge type probes consisting of an alumina coated 
platinum thin film sputlea'd near the leading edge of a quart/ wedge (TSI ‘MdK, Thenno- 
system, Inc.t. A line drawing and photograph of this probe are shown in I'igures oa and hb. 

A wedge probe located in a probe mounting adaptor is shown in t igure 7. Probes were re- 
tracted in the shield during installation and then inserted to a prescribed location determined 
from prior engine build measurements. The angular onentatioii of the probes was established 
by aligning scribe marks of the probes with the engine axis. The probes are insensitive to 
changes in the angle of attack within i 10 degrees of the mean flow direction. 

Two types of wire probes were also used. The probes MOfi diameter stainless steel or 1 2/i 
diameter Pt-lr wires wer.* suspended between support posts of a I SI 1 22(>AB probe (l igun.' 

8). These probes were installed in the engine in the same manner as the wed^e probes. 

Fiv»? Pj-^ and five Tj_^ probes were located at the compressor discharge as shown m l-'igure 5. 
C DATA ACQUISITION SYSTEM 

Tlu* probes were used with a Thermosystems 1 053 A anenometer and the signals were re- 
corded with a Hewlett-Packard 3‘hvO magnetic tape reeordv. with frequency modulated (I M) 
and direct ret >rd and nlayback modules. Using both I'M aiul direct record modules, it was 
possible to record data within a 0 to 50 kHz bandwidth. I he bandwidth ol the data was de- 
termined by the transfer function of the probe/lead 'anenometer circuit; this transfer function 
was experimentally determined and used to obtain data within a 0-20 kHz bandwidth (see sub- 
sequent section). Since the diffuser turbulence was measured primarily within a 100-5.000 
Hz bandwidth, the data acquisition system bandwidth did not limit or affect the turbulence 
measurements. 

Noise levels measured in the engine prior to the test were ^0.') mV. Miis electrical noise 
corresponded to an equivalent input noise turbulent intensity ol 0.2 percent at fiight idle 
and reduced to kss than 0.1 percent as the engine thrust increased. Data was recorded after 
a five minute stabilization a( each test point. There was no evidence of drift in the turbulence 
characteristics after the stabilization |H*riod. 
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TABLE I 


PROBE TYPES AND LOCATIONS 


Test No. 1 


Angular 

Spanwise Location 

* Probe No. , 

Type 

Location 

fPercent) 

i 

370ju diameter Stainless Steel Wire Probes 

‘323° 05' 

25. 50. 75 


TSl 949 K Mot Film Probes 

358° 22' 

25. 50. 75 

3 

TSI 949 K Hot Film Probes 

17“ 52' 

25,50.75 

4 

TSI 949 K Hot Film Probes 

143“ 04' 

25. 50,75 

5 

370/r diameter Stainless Steel Wire Probes 

178“ 18' 

25, 50, 75 

6 

\2(i Pt-lr Wire Probes 

217“ 25' 

25, 50, 75 

Test No. 2 


Angular 

Spanwise Location 

*Probc No. 


Location 

(Percent) 

1 

370/i diameter Stainless Steel Wire Probes 

323“ of 

‘ 25, 50,'75 

2 

370ju diameter Stainless Steel Wire Probes 

358“ 22' 

25, 50,75 

3 

A 

370;a diameter Stainless Steel Wire Probea 

17“ 52' 

25, 50,75 

5 

370/a diameter Stainless Steel Wire Probes 

178“ 18' 

25, 50, 75 

6 

\2n Pt - !r Wire Probes 

217“ 25' 

25, SO, 75 

Test No. 2 


Angular 

Spanwise Location 

*Probc No. 

Tyi^e 

Location, 

(Percent) 

1 

TSI 949 K Hot Film Probe 

323“ 05' 

"'25750, 7f 

2 

TSI 949 K Hot Film Probe 

358“ 22' 

25. 50. 75 

3 

TSI 949K Hot Film Probe 

17“ 52' 

25, 50, 75 

4 ’■ 

TSI 949K Hot Film Probe 

143° 04' 

25, 50,75 

5 - 

TSI 949K Hot Film Probe 

178° IS' 

25, 50, 75 

6 

TSI 949K Hot Film Probe 

217“ 25' 

25, 50,75 


*See Figure 5 for I’roLie Location 
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STAINI.Eii'i STEEL BACKING 


QUARTZ ROD 

0.06 INCH (1.6 mm) DIAMETER 



SENSING SIZE TWO WEDGE SURFACES EACH 0.00t> INCH (0.12 mm) WIDE BY 
0.04 I NCH ( 1 .0 mm I LONG 


(a) 



(b) 


/•'iyurv 6 WcJgc Type Prohf (77-444-*^(l04l 


ORIGTNAT. P.\GR IS 
OF POOR QUALITY 







I). CALIBRATION PROC LDURES 


llu* probes wea* subjected to u series of c.ilibrutions procedures prior to use in an engine test. 
The stability of the wedge probes was checked by heating the probes to 51bK for approxi- 
mately .^0 minutes and measuring the changes in the film resistivity. Iraversiblc resistance 
changes of the probes used in the engine tests wear found to be less than 0.2 percent. Typical 
arsistances of the probes between 2‘)7K and 589K are shown in Tigure 



TEMPERATURE - f 


haure V Dcpcnitt mc oj l‘rohv Kaisiant c <<// latiperaturc 


I he heal transfer to a probe in a gas stream is described by the one dimensional heal balance 
equation at the surface of the probe. 


whea* 


hA(T- r,. I = 


R 

(R + R^ ) 


-(l *-i:, ') 


m 


h 

A 

T 

Tci 


R 

K 

i. 

and, Hj. 


heat transfer coefficient. KW/m-K 
surface area, m* 
average surface temperature, K 
average gas tempera lure, K 
sensor resistance. 12 

resistance of resistor in series with sensor m anenometer circuit, 12 
bridge voltage in lest environment, V. 
bridge voltage in quiescent environment, V. 
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T 

V 




I 


T 


In equation I the left side represents the heat liberated due to convection ;<nd the right side 
is the heal liberated due to joulian heating. The convection heal transfer coefricient is 
specified by the velocity, temperature, and pressure of the environment; the general rela- 
tionship is written 

h ■ Ku" 

whea- K ■ K |IM I 

Sitbsliluliiig this expression into etiualion I and simplifying yields. 

- ('ll 2 . I j.^l I2» 

R 

where ( ■ ■■ 

KAH • I^jHR + R„ )• 

The velocity, u. and bridge voltage, f. can be sepataled into the steady stale and \side band- 
width components, giving 

— _ II 

II ■ II + U ■ II 1 1 + ) 

and. 7T 

r » I ♦ I * r 1 1 + ^ ( 

I 


Assuming Ti'u « I and lv;K« I the following simplifications apply: 

u ^ 

u" » |n ( I + — )|" » « (I + n -T=^ I 
li " 

and, 

I * ■» f * ( I + 2 — ) 

F 


Substituting these approximations into eiiiial ion 2 and simplifying yields an expa'ssion for 
the average velocity, ii, and the turbulent intensity. TT/iT , wrillen 


and 


u 



n 


I f 




i.^i 
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Probe calibration conMittcd of detennining the values of n and 1:^^. for uw in equation 3. Fj. 
values are nieasua'd separately in a laboratory furnace. Fxamples of the dependence of 
on the temperature of wedge and stainless steel wire probes aa* shown in Figua* 10. 

Taking the log of both sides of equation 2 yields 
log ( b* • bj. ^ ) ■ n log u - log c 

A log-log plot of (b^ • b^.^ I versus u values measured m a known velocity gas stream gives a 
straight line with constant slope. Although the value of (' varies with temperature, pressure 
and overheat, AT, (where AT is defined as T-T,; I. the slope remains constant. Therefore, 
ambient conditions are used for this calibration procedure. The cxperimei'ial arrangement for 
determining the dependence of the probe voltage (b* - b^,* ), on the mean velocity of a cold 
jet is shown in Figure I I . bxample (b^ • b, *i vs. u curves are presented in bigua* 1 2 where 
it is seen that the slope for a given probe is indeed constant over the experimental range of 
velocities. 

The transfer functions of the probes also were detennined in the cold jet. The output of the 
probes was compared with the output of a op platinum wia probe which had a flat response 
over the bandwidth of interest. An example transfer function of a wedge probe is presented 
in Figua* 13. These transfer functions were not found to be a strong function of Reynolds 
number. 



I I I I I I 

0 200 400 600 800 lOOO 


TEMPERATURE ' 

Figure 10 Dff indent e ofQuiesicm Fnvironineni Hridge Vnltagc On Temperature 


ORIGINAL PAGE IS 
OF P(X)R QUALiry 


s 


I 

' J 


r 




Figure II I'xperimental Arrangement for Aueniotneter i'eloeiiv C'alihrafionn (\-i094l) 


16 


1481 



VELOCITY ' m/»ec 


i'tvun' ! 2 .Ini »h Ilium h >lw \ ch'i'iiv Cjlihrulhms 


oeigwalpao^ 

OF POOR QUAUri 




E. DATA KKDrniON PKCHTDI KES 


The propi-rlic* of lurhulciKC of moki inicrvsl to the onitmo tlcsivncr ami an.'lytl uro <a) Ihi* 
total kinetic energy of the longitiulinal tuilnileiit lliictu^itmnk ipro|>«irtioiij| to turbulence 
intentity or mean deviation of the velocity . i e.. toy'ii fi where u iv the iiictantaneouk mag- 
nitude of the velocity component in the ktreamwive direction i, thi the integral scale A (which 
is the average si/e of all turbulent eddies, a measure ot mixing length), (cl the microscale X 
(which is the average sue of the smellest eddies, where viscous energy dissipation to heat tak *s 
place), and (d) the frei|uency spectrum of the turbulent veliKity lluctuations (revealing (he 
presc'iice or absence of any strong disturbances at discrete fnri|uencies). If the turbulence in- 
tensity is below U. 10 and if the freipiency spectrum is relatively smotdh and featureless, then 
only classical free turbulence is piesent (generated by w jd.e s and wall friction effects tar up- 
stream). In this type of turbulence the calculation of^/ir . X, A are straight forward | Kefer- 
ence 21 and the interpretation clear. If the intensity is above 0 I or the s|H*ctrum contains 
peaks, then phenomena other than c! issical free turbulence are present (e.g. wall stall, dis- 
crete "ortex stree!.s, plug How oscillations, or other non-random mechanisms.) 

Tliese features of the velocity waves were determined frtmi the recorded signals l irst, the 
data wea* analyzed with a spectnim analyzer (l ederal Scientific Model I'A .S(M)) to obtain the 
individual fourier components of the waves. Due to (he uature ol the turbulence, it was 
found that a full scale analyzer range of 20.(K)() 11/ was sufficient to include all the fourier 
components of the turbulence. I he data in the range SO 11/ to 20.()(K) 11/ were separated 
into 3‘)‘) components of .SO 11/ bandwidth. I he data was averaged for 2S seconds to obtain 
accurate values of the fourier coefficients. 

The .V>0 channels of information were transferred to a l'l)l*-l I '40 mmi-computcr when* each 
value was corrected for the gains or attenuations encountered during amplification, recording, 
and spectral analysis. The signals were also adjusted to compensate for the experimental 
values of the transfer function ( Y(f), according to the relation 


when.* I'ntf) 
HO 
Y(0 

A, 


corrected anemometer voltage V 

anemometer voltage measured with the spectrum analyzer 
anemometer transfer function 

sum of gains and attenuations m the data recording and analysis circuits 


Tlie Power Spectral iX-nsity function. PSD (f). defined as 


PSD(f) 


u( 0 ^ 
~b 


(4) 


l‘) 
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where a superwrim bar indicates a timc-avera|ied quantity and where b is the hardwidth 
per channel, was computed from a konihmation ol equations 3 and 4. 


u <0 


( u ) 


I'sixn 


( 5 ) 




I- Zt 


n \^h 


<m/sec)* 


11 / 


Where, I was determined by .measuring: the average !).('. voltage recorded on the I M channel. 
The average velocity, u was estimated f'lom a conservation of mass analysis at the avial loca- 
tion ol' the sensors. I he values ot n and I!, were obtained from the probe calibrations 
conducted prior to the engine test. The individual I’SI) components weie plotted as a func- 
tion of frequency. The RMS value of the turbulence, Fu. or the power distribution function, 
PSn, is defined as 


Tu 




df 


where f^ and fj are Ihe upper and lower limits of the frequency range of interest, or 


— n 

I’SI) » y ) " i‘si)(f)df 


where Fu s p7>f) 


I he lurbuler.ee intensity is defined as I u/u 


Tlie power distribution function was . rvnj-uied from Ihe .3^)*) sair.ples of data ol .SO I’/, 
bandwidth, using the summation 
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MicnncaU ::nd macroscale were calculated from the power spectral density curves using the 
classical definitions (Reference 2|. 


u (PSD (100)1 

Macroscale A ■ — — <7) 

4 u- 


I (TTu 

Microscale X ■ 

yin ^// f» |PSI)(f)| df 

where Ti ■ mean velocity 

1 u ■ rms turbulence level 

f ■ frequency (Hz) 

PSD (f) ■ power spectral density function. | PSD (f)| df is the contribution to (u )^ 
of the frequencies between f and f + df. 

I he minicomputer in the block diagram of Figure 14 provided the means to accomplish this 
standard calculation, since all the quantities of equations (7) and (K) were already available 
in the minicomputer. This procedure is exactly equivalent to that used in Reference 3 in 
which analog signals proportional to u and du/dt are processed as follows; 

a) X»u / y/du/dt^j 

b) .\ is obtained by playing the tape into an autocorrelator to obtain a plot of auto- 
correlation versus time delay (r). The integral scale is equal to the time delay at 
which autocorrelation v inishes (r^) multiplied by stream velocity (u). 

I 

The availability of the minicomputer and the usi* of equations (7) and (8) provided better 
accuracy (less reprocessing of raw analog signals). 
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C HAPTI R II 


RESULTS AND DISCUSSION 

Thnrc engine tests were conducted to measure the turbulence levels in the diffuser. A sum- 
inar> of the test points is presented in Tables II through IV with the iiffuv.'r duct tempera- 
tua*. A complete description of the engine and diffuser performance parameters is presented 
in Table V'. As ss-en in Table II. all three types j>f probes were used in Test I. Probes I 
and b failed immediate^ at the first idle point. Probe 5 remained partially intact, although 
i; was damaged and provided erratic and aphysical data, the probe failed completely at the 
first approach point. Probe 4 also generated erratic data which was not reproducible when 
the engine was returned to idle. The problem appeared to be due to a ground loop. 

Probes 2 and 3 provided reliable data throughout the engine lest: a summary of the turbu- 
lent intensities are presented in Table II. While the prolv 3 data was more reproducible at 
idle than the probe 2 d.ila, both iw'Is of data are in reasonable agreement. There apix'ars to 
be a gradual increase in the turbulent intensity with engine thrust. 

T he diffuser gas temperature in Test I was limited to bib K, the maximum operating tem- 
perature of the wedge probes. In Test 2, the stainless steel and Pl-IR wire probes were used 
in an attempt to obtain data above bib K T,^ . The anemometers were set lor operation 
at a climb T^^ of ’3b K and the engine was started, idled for minutes and immediately 
accelerated to the climb test point. Probe b tPt-lr) was destroyed during installation; the 
remaining probes were intact after the idle engine equilibration. Prolves 1 . 2 and 3 broke 
during acceleration to the climb test point. At the climb test point, probe failed and the 
test was terminated. 

Test 3 was more successful. Six wedge probes were used to obtain turbulence data from 
idle (T.J .4 * 450 K ) to approach ( I » b I b K ) Probes 3 and 5 were unstable, apparently 
due to intermiteni connections at the probe, but the remainipa probes provided reliable, 
reproducible test data during the entire engine test. 

At the 25 percent span position, the data are in agreement with the initial data; again, 
there appears to be a gradual increase in the turbulence with engine thrust. The turbulent 
intensity is not a strong function of the engine thnist. At the 75 percent span position, the 
turbulence level is higher at each test point and shows a much more marked dependence on 
the engine thrust level ( Figure 1 5 ). The approach value of ~ I 5 percent was unexpected. 

The PSD functions of I be velod'v waves measured at all the locations and engine operation 
levels except for blade passing frequency were quite featureless. Example PSD functions at 
the 25 percent and 75 percent span location at idle and approach are shown in Figures lb 
through 1 9. The corresponding PSD functions are shown in Figures 20 through 23. Over 
the entire operating range of measurements, the PSD functions were Hat with a cutoff (-3 
dB) frequency of approximately 3 kM/.. The cutoff frequency was not a function of the 
engine thrust. Above 3 kH/. the PSD function is proportional to f “ * ; the amplitude 

of the velocity fourier components decays at a rate proportional to f . Approxi- 

mately 95 percent of the power in the velocity waves is contained in frequency components 
below 5 kTI/.. 
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ENGINt TEST CONDITIONS 



TURBULENCE INTENSITY 



TEST 3 PROBE 2. 7B\ 
TEST 3 PROBE 4, 
TEST 3 PROBE 1,26% 
TEST 3 PROBE 6. 25% 
TEST 1 PROBE 3. 26% 
TEST 1 PROBE 2, 60% 


450 500 560 600 650 


TEMPERATURE, T^4 ' K 


h'igurv / 5 DtpenJem e of Turbulence <;« hngine Operatior 



Ten /, Probe 3 f Wedge Type) P<>wvr Speeiral Density Function for Idle Condition at 
25 Percent Span 
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Figure 1 7 Test J, Probe 1 1 Wedge Type} Powvr Spectral Density P'unetion Jor Approach Power 
Condition at 25 Percent Span 
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Figure IS Test 3, Probe 2 1 Wedge Type) I’ower Spectral Density Function for Idle Condition at 
75 Percent Span 
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Figure !9 Ten 3. hithe 4 (Wedge Type) Power S/H’etral IXvsity Funetkm for Approach Power 
Co tditkiu at 75 Percent Span 
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Figure 20 Test I, Probe 3 ( Wedge Type) Spectral Distribution for Idle Condition at 

25 Percent Span 
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h'lguK 22 Ten 3, Probe 2 (Wedge Tvpe) Spectral Disiribuikm for Idle Condition at 
75 Percent S/tan 
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^tgure 23 Test 3, fYohe 4 (WcJki' Tvpe) Spectral Distrihution for 4ppr>>at li Mmrr Comlifion 
at 73 Hereent Span 

Macroscale and microscale compiiled as described in Chapler II are lisled in lable VI. Ibe 
values lie between 0.5 cm and 3.3 cm. 

A 3 kHz component corresponds to an axial scale oC 3.53 cm. Since ‘>0 percent of the 
enerK> in the wave is contained in the 0. 1 to 5 kHz I'aiidwidth, the axial leniith of the fourier 
components of the velocity wave vary from 0.021 to 1.05 m. I he turbulence measured in 
the diffuser is of i|uite a large scale. Although the turbulence levels at the 75 |H*rcent span 
were unusuall> large, there wete no (jualitative changes between the I’SD functions mea.siired 
at the 25 percent and 50 percent span locations and the 75 |H'rcent span. 

A distinct peak in the I’SI) function is observed at blade-passing frequency (about lOkllz) 
and at higher multiples of blade-passing fre(|uenc> in some cases. I his wouhl be expected 
in the turbulent flow at any compressor exit for a distance of at least 20 chord lengths be- 
hind the rotor. 

At idle, evidence of a weak 800 to 900 11/ peak was observed consistently at the 75 percent 
span location (l-igures 22. 24, and 2(>t and p eriodically at (he 25 percent span location 
(Figure 21 ). Ihis peak is unexplained since it lies well above N-* (80 II/) or N | (50 II/) and 
well below blade-passing frecpiency (72(8) II/) at this condition. 
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While the ongin of the large value* of th* t" ?'*'iente cannot be dcwribed by the present 
experimental data, it can be pointed out that tne turbulence level at the 75 percent span i* 
large enough to affect airflow from the diffu»cr to the front end of the burner. Tor example, 
if the local ratio of the static pressure across the burner liner. Al’, and the dynamic pressure 
of the diffuser flow, q, is 2.5. a t30 perc'eni (t 2 tul change in the local veltK'ity will cause 
the AP/q value to vary from I.4K to 5.1, The discharge ctKlficienl of the ourner liner holes 
will vary markedly over this range of AP'q values. I he scale of turbulence is sufficiently 
large that significant areas of the burner will be affected simullaneously by the flow |H.*rlur- 
bations. 

finally, it can be pointed out that the increan'd turbulence at the 0.1). difluser wall may be 
useful in improving the performance of the diffuser. Independent measua'menis shi>w that 
increasing the turbulence near a diffuser wall can reduce separation of the flow through the 
additional local mixing caused by the turbulence. A more aggressive diffusion of the gaws 
near the 0.1). wall may be ptissible due to the high level of lurbulencv in this area. 
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CHAPTER IV 


CONCLUSIONS 

The turbulence in the difl'uKr duct of a large gas turbine has been measured from idle to 

approach engine conditions. Several features of the turbulence have been documented: 

I. The turbulent intensity at the I.D. (25 percent span) and midspan locations increases 
gradually from b 1 1 percent at idle to 7 ±1 percent at approach; the turbulent intensity 
at the 0.1). (75 percent span) location increases from 7.5 ±0.5 percent at idle to 15 
±0.5 percent at approach. 

The energy in the velocity waves i« inifoimly distributed over a 0.1 to 5 kHz bandwidth. 
The axial length of the fouricr component within this bandwidth varies from 0.021 to 
1.05 m. 

.1. The cut-off frequency of the turbulence (-3 db) is approximately 3 kHz and is not a 
function of the engine operation. Above the cut-off frequency, the fouricr components 
of ihe wave decrease at a rate proportional to f ' Ninety percent of the energy 
of the waves is contained within a 0. 1 to 5 kHz bandwidth. 

4. Determination of the origin of the high level of turbulence at the diffuser O.D. requires 
further information on the development of the turbulence along the diffuser. 

5. The turbulence at the diffuser O.D. is of sufficient amplitude and scale to affect the flow 
to the front end sections of the burner. 

6. Velocity fluctuations at blade passing frequency were identified at all span-wise posi- 
tions. These Huctuations are probably of not sufficient amplitude and scale to affect 
the flow inside the combustor. 

7. Measurements at higher engine power levels are lacking due to senr-.or probe durability 
limitations. Data is still needed at higher power levels to determine whether shifts in 
either the amplitude or scale occur. Use of L.D.V. (Laser Doppler Velocimeter) optical 
instrumentation should be considered for studies at high pov'er. 
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